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FLOW SIMULATION OF HIGH SPEED HIGH PRESSURE RADIAL BLOWER
SUMMARY
The constant advancement in engineering technology demands internal combustion
engines to be smaller, more efficient and economical. For this purpose, mostly, a
turbocharger is used. A turbocharger uses the energy from the exhaust gasses by a
turbine and increases the intake air pressure by a compressor or blower to provide
a more effective combustion. There are quite a number of studies on turbochargers.
However, the most important considerations that effect turbocharger design are on flow
performance. The subject of this thesis is the flow simulation of a radial blower that
will be used mainly in turbochargers.
The flow analysis of a new radial blower design that has high speed and high pressure
was performed. The blower was designed to rotate at 110000 rpm and deliver air flow
of 0.1 m3/s at a pressure rise of 90000 Pa. The impeller and volute geometries were
cast into solid model using a commercial Computer Aided Design (CAD) program.
Computational fluid dynamics (CFD) simulations require the computational domain to
be discretized into cells so that in each cell, transported quantities are solved with
continuity, momentum and energy equations. In the present work, computational
grid of the geometry was created and the compressible flow field was calculated
using commercial software. To calculate enthalpy, a user defined function was
written. Turbulent flow in the blower was computed using both k− ε and Large
Eddy Simulation methods. These methods as well as the logical set-up of the solution
process was explained in detail.
The results were presented in graphics. The calculated flow was compressible and
highly turbulent. The flow field was calculated using first k − ε and then LES
turbulence methods. The results of both turbulent methods are found to be compatible.
In both calculations, the flow was streamlined and no reverse flow was observed. The
highest velocity values were observed at the impeller region. Also, the velocities were
higher on the lower sides of the blades which stems from the negative lift nature of
the blade design. The pressure contour showed that the pressure gradually increased
throughout volute and reached maximum at outlet. The compressibility of the flow
was observed by the increase in the density. The density contour was compatible with
pressure contour which is a desired result that shows density increase stemmed from
pressure rise. Overall, a pressure rise of 85000 Pa was obtained at a speed of 110000
rpm. The volumetric flow rate was found as 0.1 m3/s which is the design flow rate.
The temperature and enthalpy change was not observed. The results were found to be
satisfactory. In future work, acoustics analysis of this blower could be performed, the
user defined function could be improved or environmental effects to the turbocharger
operation could be investigated.
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YÜKSEK HIZLI YÜKSEK BASINÇLI RADYAL ÜFLEYI˙CI˙DE AKIS¸ BENZETI˙MI˙
ÖZET
Mühendislik teknolojisindeki sürekli gelis¸me, içten yanmalı motorların daha küçük,
daha verimli ve daha ekonomik olması gereklilig˘ini de beraberinde getirmektedir. Bu
da ancak daha verimli bir yanmayla elde edilir. Daha verimli bir yanma için, en
çok, turbos¸arjlar kullanılmaktadır. Bir turbos¸arj, egzoz gazlarının enerjisini bir türbin
aracılıg˘ıyla mekanik enerjiye çevirir ve bu enerjiyi kullanarak bir s¸aft aracılıg˘ıyla bir
kompresör veya üfleyiciyi çevirir. Böylece, motora giren hava basıncını yükselir.
Hava basıncının yükselmesi silindirlere daha yog˘un bir havanın girmesi, bas¸ka bir
deyis¸le daha çok oksijen girmesi demektir. Bu da daha verimli bir yanma sag˘lar.
Turbos¸arj fikri yaklas¸ık yüzyıldır kullanılmaktadır ve turbos¸arj kullanımı günden güne
motor endüstrisinde daha da önemli hale gelmektedir. Günümüzde turbos¸arjlar küçük
uçaklarda, lokomotiflerde, gemilerde, kamyonlarda, traktörlerde, motosikletlerde, güç
ünitelerinde ve en önemlisi, yüksek performanslı otomobillerde ve yarıs¸ arabalarında
kullanılmaktadır.
Turbos¸arjlar hakkında yapılmıs¸ oldukça çok ve çes¸itli çalıs¸ma bulunmaktadır. Bunların
arasında yapısal tasarım çalıs¸maları, dinamik stabilite çalıs¸maları ve akıs¸ performansı
çalıs¸maları bas¸lıca çalıs¸ma konularıdır. Fakat, turbos¸arj tasarımını etkileyen en önemli
konu turbos¸arjın akıs¸ performansıdır. Bu tezin konusu, temel olarak turbos¸arjlarda
kullanılmak için tasarlanmıs¸ bir radyal üfleyici içerisindeki akıs¸ın benzetimidir.
Radyal üfleyiciler, turbomakinelerin bir grubudur. Turbomakine, dönen bir elemandan
sag˘lanan kinetik enerjiyi akıs¸ enerjisine, bas¸ka bir deyis¸le basınç ve momentuma
çeviren veya akıs¸ enerjisini kinetik enerjiye çeviren araçların genel ismidir. Radyal ve
eksenel fanlar, üfleyiciler, kompresörler, pompalar, gaz veya buhar türbinleri, hidrolik
türbinler turbomakinelere örnek verilebilir. Pompalar ve kompresörlerle birlikte,
radyal üfletyiciler bir dönen elemandan sag˘lanan kinetik enerjiyi akıs¸ enerjisine çeviren
turbomakine grubuna dahildir. Bu tip turbomakinelerde genellikle iki ana eleman
vardır: akıs¸ı hızlandıran bir hareketli eleman (rotor) ve rotoru içinde barındırıp
akıs¸kanın basıncını yükselten sabit bir eleman (salyangoz). Akıs¸kan, radyal üfleyiciye
eksenel yönde girer, 90 derece dönerek radyal dog˘rultuda statoru terk eder. Bir radyal
üfleyicinin performansını etkileyen en önemli parametreler giris¸ ve çıkıs¸taki sınır
kos¸ulları, rotor ve salyangozun geometrileri, ayrıca gürültü özellikleridir.
Bu tezde çözümlemesi yapılan radyal üfleyici, yüksek hızlı ve yüksek basınçlı bir
radyal üfleyicidir. Üfleyici 110000 dev/dak hızla dönüp, 0.1 m3/s hava akıs¸ı ile
90000 Pa basınç artıs¸ı sag˘lamak üzere tasarlanmıs¸tır. Rotor çapı 0.03 m olup rotor,
NACA 25010-25040-25045 profillerinden olus¸an deg˘is¸ken profilli 20 kanatçıktan
olus¸maktadır. Kanatçıkların genis¸lig˘i 0.015 m’dir. Salyangoz çıkıs¸ alanı ise 0.000692
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m2 olarak belirlenmis¸tir. Üfleyici tasarımı nokta bulutu halinde alınmıs¸, daha
sonra ticari bir yazılım yardımıyla önce eg˘riler, sonra yüzeyler olus¸turularak katı
modele dönüs¸türülmüs¸tür. Hesaplamalı akıs¸kanlar dinamig˘i modellemeleri hesaplama
alanının hücrelere ayrıklas¸tırılmasını gerektirir. Böylece her hücrede süreklilik,
momentum ve enerji denklemleri çözülür. Bu çalıs¸mada, hesaplama ag˘ı olus¸turulması
ve sıkıs¸tırılabilir akıs¸ alanının çözülmesi ticari yazılımlar kullanılarak yapılmıs¸tır.
Hesaplama ag˘ı olus¸turulurken düzgün altıyüzlü elemanlardan olus¸an düzenli ag˘
yöntemi kullanılmıs¸tır. Bu yöntem, özellikle yüksek derecede türbülanslı ve zamana
bag˘lı problemlerde dig˘er yöntemlere göre daha dog˘ru sonuç vermektedir. Sınır tabaka
çözümlerinin de dog˘ru yapılabilmesi için y+ deg˘erleri de göz önünde bulundurularak
yaklas¸ık 5.4 milyon hücreden olus¸an bir hesaplama ag˘ı olus¸turulmus¸tur.
Bu çalıs¸mada çözümlemesi yapılan akıs¸ türbülanslı bir akıs¸tır. Türbülans, hem
zamanda hem de uzayda deg˘is¸ken olan, rastgele ve tahmin edilemez bir harekettir.
Yüksek Reynolds sayılarında tüm akıs¸lar türbülanslı hale gelir. Türbülanslı akıs¸larda
eddy denilen çok miktarda kararsız eleman biraradadır. Türbülanslı akıs¸ bu
elemanların rastgele hareketi ile olus¸ur. Türbülanslı akıs¸a enerji, büyük ölçekli
eddylerden daha küçük ölçeklilere kademeli bir s¸ekilde aktarılır. En küçük ölçekte ise
enerji ısıya dönüs¸erek kaybolur. Türbülans halen tam olarak çözülememis¸ bir konudur
ve türbülans için küresel olarak kabul edilmis¸ bir çözüm yöntemi yoktur. Bunun yerine
pekçok farklı yöntem bulunmaktadır. Bu çalıs¸mada k− ε ve Large Eddy Simulation
türbülans yöntemleri kullanılmıs¸tır.
k−ε türbülans yöntemi, standart akıs¸ denklemlerine ek olarak türbülans kinetik enerji,
k, ve dissipasyon oranı, ε , denklemlerinin çözülerek türbülansın tüm ölçeklerinin
modellenmesine dayanır.
Large Eddy Simulation türbülans yöntemi ise, büyük ölçekli eddylerdeki akıs¸ın
dog˘rudan hesaplanıp, küçük ölçeklerin modellenmesine dayanır. Bu yöntem
genellemeye daha elveris¸li küçük ölçekli eddyleri modelleyip, geometriye ve
probleme göre deg˘is¸en büyük ölçekli eddylerin akıs¸ını hesaplar. Böylece problemin
karakteristig˘ini ag˘ırlıkla belirleyen büyük ölçekli eddyler birebir olarak çözüme
katılmıs¸ olur. Fakat küçük eddyler modellendig˘i için hesaplama kapasitesi açısından,
tüm ölçekleri hesaplama yöntemine göre oldukça elveris¸lidir. Bu yöntem sadece
zamana bag˘lı olarak çözülebilmektedir. Çözüm yöntemleri ve çözüm sürecinin
mantıksal kurgusu teorik olarak açıklanmıs¸tır.
Akıs¸ alanı çözümlemesi için basınç bazlı yöntem olarak ifade edilebilecek bir çözüm
yöntemi takip edilmis¸tir. Bu yöntemde, önce sırayla momentum denklemlerinin
çözülür, daha sonra süreklilik denklemine göre bulunan deg˘erler güncellenir. Bundan
sonra güncellenmis¸ deg˘erlerle enerji denklemi ve dig˘er skaler denklemler çözülür.
Çözüm yakınsayana kadar bu algoritma iteratif olarak devam eder. Bu çalıs¸mada sonlu
hacim yöntemi kullanılarak hesaplama yapılmıs¸tır. Diferansiyel denklemler genellikle
nonlineer yapıdadır ve çözümleri zordur. Sonlu hacim yöntemi hesaplama alanının
hücrelere ayrılıp her hücrede denklemlerin ayrı ayrı çözülerek daha sonra integralinin
alınmasına dayanır. Bu nedenle sonlu hacim yönteminde akıs¸ denklemlerinin
integral formları kullanılır. Genel tas¸ınım denklemlerinin sayısal olarak çözülecek
cebirsel bir forma dönüs¸türmek için ise ayrıklas¸tırma uygulanır. Zamana bag˘lı
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hesaplamalarda gerektig˘i üzere, bu çalıs¸mada da hem uzayda hem de zamanda
ayrıklas¸tırma uygulanmıs¸tır.
Akıs¸ çözümlemesi yaparken sınır kos¸ulları oldukça önemlidir. Radyal üfleyici çözümü
yapılırken basınçlı giris¸, basınçlı çıkıs¸ sınır kos¸ulları kullanılmıs¸tır. Tasarımdaki
ana kriter akıs¸kan giris¸ hızı veya kütlesel debi deg˘il, basınç oldug˘u için bu sınır
kos¸ulları çözümler için en uygun sınır kos¸ulları olarak belirlenmis¸tir. Entalpi ve
yog˘unluk hesaplaması için ise ticari programa bag˘lı ayrı bir programlama yapılmıs¸tır.
Bu programlamaya User Defined Function denilmektedir. User Defined Function
içerisinde skalerler için tas¸ınım denklemleri çözülebileceg˘i gibi çes¸itli sınır kos¸ulları,
malzeme özellikleri vb. için hesaplamalar da yapılabilir.
Sonuçlar grafikler halinde sunulmus¸tur. Hesaplanan akıs¸ alanı sıkıs¸tırılabilir ve
yüksek derecede türbülanslıdır. Her iki türbülans modeli ile elde edilen sonuçlar
birbiriyle uyumlu bulunmus¸tur. Akım çizgileri göstermis¸tir ki, akıs¸ istenildig˘i gibi
s¸ekillenmis¸tir. Akıs¸ın terse dönmesi söz konusu deg˘ildir. Salyangoz içerisinde büyük
girdap yapıları gözlemlenmis¸tir. Her iki çözümde de en yüksek hızlar rotor kısmında
gözlemlenmis¸tir. Rotor kanatçıklarının negatif tas¸ıma özellig˘inden dolayı hızlar
kanatların alt yüzeylerinde daha yüksektir. Salyangoz içerisindeki basınç gradyantları,
akıs¸ın girdaplı yapısından kaynaklanmaktadır. Akıs¸ın istenildig˘i gibi s¸ekillendig˘i ve
basıncın stator içerisinde kademeli olarak artarak çıkıs¸ta en yüksek seviyeye ulas¸tıg˘ı
görülmüs¸tür. Negatif tas¸ıma özellig˘inden dolayı kanatçıkların alt yüzeylerindeki
basınç üst yüzeylerinden daha düs¸üktür. Sıkıs¸tırılabilir akıs¸, yog˘unluktaki deg˘is¸im ile
de gözlemlenmis¸tir. Yog˘unluk basınç ile uyumlu olarak, salyangoz içerisinde kademeli
artmıs¸tır. Üfleyici içerisinde sıcaklık artıs¸ı veya entalpi deg˘is¸imi görülmemis¸tir.
k − ε hesaplamaları zamandan bag˘ımsız yapılmıs¸ ve 75000 Pa basınç artıs¸ı elde
edilmis¸tir. Daha sonra, problemin çözümü için Large Eddy Simulation yöntemi daha
uygun oldug˘undan, bu yönteme geçilmis¸tir. Large Eddy Simulation çözümleri zamana
bag˘lı olarak yapılmıs¸ ve 85000 Pa basınç artıs¸ı elde edilmis¸tir. Her iki yöntemin
sonuçlarının birbiri ile uyumlu olması sonuçların dog˘rulug˘unu desteklemektedir.
Bununla birlikte Large Eddy Simulation sonuçlarının daha çabuk yakınsadıg˘ı ve
hesaplamaların daha stabil ilerledig˘i görülmüs¸tür.
Sonuç olarak, 110000 dev/dak hız ile sorunsuz olarak çalıs¸an üfleyici ile 85000 Pa
basınç artıs¸ı elde edilmis¸tir. Hacimsel debi tasarım debisi olan 0.1 m3/s olarak
kaydedilmis¸tir. Bu çalıs¸mayla turbos¸arjlarda kullanılmak üzere, bas¸arılı bir s¸ekilde
yeni bir radyal üfleyici tasarımının akıs¸ benzetimi gerçekles¸tirilmis¸tir. Gelecekte,
hesaplama süreci zaman açısından daha verimli hale getirilebilir, bu tip bir turbos¸arjın
çalıs¸masında etkili olacak dıs¸ etkenler incelenebilir veya böyle bir üfleyicide akustik
inceleme yapılabilir.
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1. INTRODUCTION
1.1 Turbochargers
Today, internal combustion engines are required to become smaller that consumes less
fuel to get better performance. This is mostly achieved by a more efficient combustion
which requires use of a turbocharger that consists of a centrifugal compressor or fan
that is used for increasing intake air pressure. Increasing intake pressure, increases
density and mass flow of the air which means more oxygen entering the combustion
chamber and consequently performance increases. The energy of exhaust gases are
also exploited by turbine part so that the temperature of exhaust gases is reduced. The
operation diagram of a turbocharger is shown in Figure 1.1.
Since 1905, when Alfred Buechi put forth the idea of using turbocharger with big
sized diesel engines, turbocharger technology has been used with internal combustion
engines (Kunanoppadon, 2010). From then on, turbocharger technology became
more and more important in engine industry. Nowadays, turbochargers are used
in smaller sized aircraft, locomotives, ships, trucks, tractors, motorcycles, auxiliary
power generation, and mostly racing cars and high-performance automobiles.
There are quite a number of studies on turbochargers. However, the most important
considerations that effect turbocharger design are structural and dynamic stability and
flow performance. This thesis is about flow performance but the structural and dynamic
stability aspects of the turbochargers will be discussed first.
Turbochargers work in harsh operating environments therefore the design of a
turbocharger needs to be robust (Engeda et al., 2003). Hence structural analysis and
dynamic stability of turbochargers has been an appealing subject for engineers and
scientists. Being a rotating machine of high speed, failure of a moving part will
cause the turbocharger to fail in a short time (Pei, 2008). In most of the rotating
machinery the cause of dominant vibration is the imbalance at rotor though there are
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(a) Outer cycle
(b) Inner cycle
Figure 1.1: Turbocharger working scheme.
also rotor-dynamic instability and self-exited vibration (Kirk et al., 2010). Unbalance
vibrations usually occur as harmonics at shaft speed and they can be put down by
designing the rotating parts to have different natural frequencies than rotating speed
(Kirk et al., 2010). Self-excited vibrations usually occur at rather a fraction of
the rotational speed and they are caused by the interaction between the inertia and
elasticity of rotating elements, aerodynamical forces on rotor or hydrodynamic forces
on bearings (Kirk et al., 2010). Radial flow turbochargers tend to be easily affected by
blade vibration which can then lead to high cycle fatigue (Pei,2008). Former studies
have shown that turbine blade should have a frequency away from 5-times rotating
speed to have lower stress levels (Pei, 2008). It was also shown that in the case of full
floating ring bearing usage, unbalance vibrations are more effective at low speeds than
high speeds (Tian et al., 2011). Also, a detailed study on journal bearing performances
has shown that bearing cooling which is needed for avoiding losses is mostly provided
by conduction throughout the bearing and convection inside the outer clearance
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(Deligant et al., 2011). Moreover, gas leakage through piston ring sealing can affect
the performance of the turbocharger, of which the determining parameter is the side
clearance shown by computational studies and tests (He et al., 2008). Consequently, it
was presented by a recent study that compressor part of the turbocharger is more easily
affected by pressure changes than turbine part (Hajilouy-Benisi, 2010). Furthermore,
performance uncertainties increase at lower rotational speeds and limiting rotational
speed variation helps reduce these uncertainties.
The flow performance studies on turbochargers were summarized next since
turbochargers consists of radial blowers and turbines.
Turbomachine is the general name for devices that transfer dynamic energy of a
rotating element into fluid energy, namely pressure and momentum and vice versa
(Ingram, 2009; Gorla and Khan, 2003). Turbomachines have an important role in
modern world because they are used in very different areas from power plants to water
systems in homes, from aircrafts to automobiles (Ingram, 2009). Centrifugal and axial
fans as well as axial compressors and fans, blowers, pumps, gas, steam or hydraulic
turbines are examples of turbomachines. Turbomachines can mainly be classified into
two groups:
• Machines that transform the energy provided from a high energy fluid into
mechanical work, like turbines.
• Machines that transform the kinetic energy provided from a rotating part into fluid
work, like fans, pumps or compressors. (Gorla and Khan, 2003; Ingram, 2009).
The subject of this thesis is the flow analysis of a radial blower that will be used in
turbochargers. Since industrial application of centrifugal pressure machines was put
into effect at the end of 19th century, centrifugal fans and compressors have been an
intriguing subject for researchers and engineers around the world (Krain, 2005).
A radial or centrifugal flow machine generally consists of two main parts one of which
is the rotating part that speeds up the fluid called impeller, and the other is the stationary
part that houses the impeller and increases the pressure of the fluid called volute or
casing. The fluid enters the radial blower in the axial direction of the impeller and
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leaves it radially that is to say the fluid turns 90 degrees as it is seen in Figure 1.2
(Ingram, 2009).
Figure 1.2: Radial blower drawing (Ingram, 2009, p. 17).
The most important parameters that affect the performance of radial blowers can
be summarized as inlet and outlet conditions, geometry of impeller and volute, and
noise properties. First of all, inlet structure and conditions effect the performance
of a centrifugal turbomachine considerably. Distortion generally occurs naturally at
inlet in static pressure or stagnation temperature due to operational effects or a poorly
designed inlet (Engeda et al., 2003). The studies have shown that, especially an inlet
with a bending prior to entrance generates twin vortices in flow which causes a highly
distorted flow (Engeda et al.,2003). Experiments proved that an inlet that has a bending
prior to entrance which is commonly used in industrial applications like refrigeration
systems have lower performance characteristics compared to straight ones (Kang et
al., 2010). Their study suggests that the characteristics like pressure ratio and static
pressure of a bended inlet centrifugal compressor drops noticeably as the rotational
speed increases compared to of a straight inlet (Kang et al., 2010). However, it is
shown that putting vanes in a bended inlet can increase the efficiency of a centrifugal
compressor by 3 percent (Engeda et al., 2003).
Distortions at diffuser and varying outlet conditions have also been an area of interest
for researchers. A recent study has shown that, putting a fence at impeller exit to
generate distortion at outlet, changes flow parameters clearly. It is stated that radial
velocities as well as static pressure, total pressure, flow angles change due to distortion
at outlet static pressure in a centrifugal pump (Hong and Kang, 2004). It was also
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shown that, twin vortex structures and recirculation due to low mass flow rate forming
at diffuser affects the flow in the centrifugal fan (Gu et al., 2001) Furthermore, it was
proven that there exists areas of high pressure gradient of highly unsteady flow in the
interface between impeller and diffuser (Khelladi et al., 2005; Meakhail and Park,
2005). On the other hand, Yu et al. (2005) investigated the effect of blade inlet angle
and impeller gap to the flow in a centrifugal fan with 960 rpm and found out that
changing blade inlet angle can increase the efficiency of the fan about 5 percent and
also, as the impeller gap gets bigger, the leakage increases and the total fan efficiency
drops. Consistent with the previous work, Lee (2010) suggested that, the existence
of an impeller gap causes more flow separation and vortex shedding and thus causes
losses on fan performance.
Another highly controverted aspect of radial flow machines is the design or effects
of volute. It is expected that there will be swirling three-dimensional flow inside
the volute of a radial blower or compressor. It was shown by experiments that the
vortex distribution that swirling flow caused can be associated with internal friction or
a particular distribution of radial velocity at inlet (Ayder et al., 1993). A more recent
study concerning high pressure ratio transonic centrifugal compressor in a turbocharger
has shown that the volute severely hinders the stability of the flow especially at mass
flows below design mass flow (Zheng et al., 2010). It has also shown that the higher
the pressure ratio of the compressor is, the harder it is to get a stable flow because of
the asymmetric influence of the volute, and unsteady solutions will be inadequate to
predict the instantaneous flow regime. (Zheng et al., 2010).
One of the challenging tasks in compressor and fan research is the noise prediction.
The predominant area of noise in the compressor is near tongue section (Mao et
al., 2008). Also, another study that consists of reverse modelling and numerically
analysing vortex blowers used in fuel cell cars claims that pressure fluctuation near
outlet is larger compared to the fluctuations near inlet or inside channel, which leads to
the conclusion that main source of noise is near outlet (Kang et al., 2011). Mao et al.
(2008) suggests that the aerodynamic tonal noise in a centrifugal fan depends highly
on the scattering effect of the volute.
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There were also other works that focus on different aspects of radial turbomachines
like the flow properties of a pump at starting period (Li et al., 2010) and the effect
of shock wave propagation on the performance (Ibaraki et al., 2003). However, in
all these studies there were no radial blower designs that has a rotational speed and
pressure increase as high as the blower studied in this thesis.
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2. GEOMETRY and GRID GENERATION
2.1 Geometry and Design Parameters
The design of the rotor blades and volute was based on the point cloud generated by
the code RADTM (Özdemir, 2012) as shown in Figures 2.1 and 2.2.
Figure 2.1: Point cloud of blade.
Figure 2.2: Point cloud of volute.
The impeller and volute geometries were cast into solid model using a commercial
CAD (Computer Aided Design) program (Figure 2.3 and 2.4). The geometry was first
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Figure 2.3: Impeller geometry.
Figure 2.4: Volute geometry.
outlined with curves which were obtained from the point cloud. Then, surfaces were
created according to these curves. Then, the two parts of the blower, namely impeller
and volute, were merged together to form the whole geometry (Figure 2.5). A conical
inlet zone was attached to the volute so that the inlet flow would be streamlined.
The blower was designed to rotate at 110000 rpm and deliver air flow of 0.1 m3/s at a
pressure rise of 90000 Pa. The blades were positioned with negative lift characteristics
and consist of NACA 25010, NACA 25040 and NACA 25045 profiles. The geometric
parameters of the blower are given in Table 2.1.
2.2 Grid Generation
Computational fluid dynamics (CFD) simulations require the computational domain
to be discretized into cells so that in each cell, transported quantities are solved with
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Figure 2.5: Whole blower geometry.
Table 2.1: Design parameters of the blower.
Rotational speed 110000 rpm
Pressure increase 90000 Pa
Exit flow rate 0.1 m3/s
Blade inner radius 0.02 m
Blade outer radius 0.03 m
Blade width 0.015 m
Number of blades 20
Blade separation angle 18
Blade airfoil NACA 25010−25040−25045
Rotor base thickness 0.003 m
Total gap at the bottom 0.001 m
Total gap at the top 0.003 m
Area of the exit diffuser 0.000692 m2
Height of the exit diffuser 0.0315 m
Length of the exit diffuser 0.00783 m
continuity, momentum and energy equations. Therefore, meshing is one of the most
important steps of a CFD simulation process. In the present work, computational grid
of the geometry was created using a commercial software.
There are two main strategies regarding grid generation, unstructured and structured.
Unstructured meshing strategy treats the entire domain as a whole and then
divides it into tetrahedral elements in 3D computations arbitrarily and automatically.
Unstructured grids are very easy to generate, require very little user input and they are
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not time consuming. Also, the elements are distributed nearly isotropic, meaning the
mesh quality will be about the same everywhere of the domain. However, the arbitrary
distribution of the elements also means arbitrary connectivity between these elements.
Therefore, in unstructured mesh, the computation requires different interpolation
schemes and the accuracy of the calculations decrease.
Structured meshing, on the other hand, is a different method. Structured meshing
strategy requires partitioning of the domain first into sub-domains called blocks
(Figures 2.6 and 2.7). These blocks consist of regular elements, namely hexahedral
elements in 3D. In this method, the user has full control of the geometry which also
means the user has to do everything manually. Using structured mesh consumes time,
requires good knowledge of the problem regarding grid, and is harder to master.
However, this method provides the control of the solution to the user which is an
advantage for complicated problems. The user can adjust the refinement of the
mesh according to the needs so that there will not be an unnecessarily fine mesh or
insufficiently coarse mesh over the flow domain. Also, since the user places control
points interactively, they are generally flow-aligned which leads to a more accurate
solution. The structured mesh uses regular grids for linear parts of geometry and
O-grids for the curved parts.
Figure 2.6: Impeller blocks.
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Figure 2.7: Volute blocks.
Grid generation of this study was made using structured mesh strategy. The impeller
and the volute mesh were generated separately as one of which is rotating domain and
the other is stationary. Having two different fluid domains is needed to use sliding
mesh technique in the solution which will be explained later on.
To be able to obtain accurate results from the simulation, it is important to have the
right size of mesh. If the mesh has sufficient resolution, the solution will not change
even when the mesh is made finer. Furthermore, turbulent flow simulations require
extra care because turbulence depends highly on capturing the mean flow turbulence
interactions which is directly related to the quality of the mesh. Therefore it is
important to have finer mesh especially where the flow changes rapidly. Turbulent
flows are affected by the presence of wall-boundaries due to the no-slip condition and
viscous effects. Hence, accurate near wall treatment is vital which depends on the
mesh. A measure of testing the mesh sufficiency for turbulent wall bounded flows is to
examine y+ and y∗ values which are both dimensionless parameters that are defined in
viscous boundary layer of the flow and have the mathematical descriptions as presented
in equations 2.1 and 2.2. y+ is defined as
y+ =
ρuτyp
µ
(2.1)
11
where uτ =
√
τw
ρ friction velocity, yp is the distance of point p from wall, ρ is the fluid
density and µ is the fluid dynamic viscosity at point p . On the other hand, y∗ is defined
as
y∗ =
ρCµ1/4kp1/2yp
µ
(2.2)
where kp is the turbulence kinetic energy at point p and Cµ is an empirical constant
that has an approximate value of 0.09 .
The logarithmic law, which the accuracy of the calculations are based on, is valid for
equilibrium boundary layers (30 < y+ < 300) and fully developed flows. Therefore
the mesh should be fine or coarse enough to have these values. It should be noted that,
y+ and y∗ values are approximately the same for equilibrium flows.
The mesh was made finer at the interface, near boundaries and walls. Also a
homogeneous distribution of nodes was obtained as much as possible so that there
will be no large jumps from a fine domain to a coarse one. In order to obtain a
reasonable mesh fineness in azimuthal direction, the center O-grid block always appear
to have finer mesh. Impeller mesh crossection can be seen in Figures 2.8 and 2.9. The
mesh of the volute was generated according to impeller mesh to maintain homogeneity
(Figure 2.10). After the two meshes are generated, they were merged as one. For this
purpose, both impeller and the volute meshes had an interface consisting of exactly the
same geometry. Therefore it is important to specify inlet, outlet and interface surfaces
correctly.
Figure 2.8: Impeller mesh crossection.
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Figure 2.9: Impeller mesh detail.
Figure 2.10: Volute mesh crossection.
Table 2.2 shows mesh sizes.
Table 2.2: Mesh sizes.
Nodes Hexahedral cells
Impeller 1811812 1679600
Volute 3892892 3736395
Total 5704704 5415995
The y+ and y∗ values of the computed flow field were sufficient in the present
calculations and will be presented in the results and discussion section.
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3. TURBULENCE
3.1 Introduction to Turbulence
Turbulence is a fluctuating, disorderly and unpredictable motion that varies both in
space and time (White, 1991; Pope, 2000). All shear flows become turbulent at high
Re numbers. Turbulence basically has two types; one of which happens near solid
boundaries and the turbulent motion first occurs in small patches also known as wall
turbulence. When there are streams of flow at different velocities (and/or densities)
and random turbulence characteristics develop at a roughly equal rate throughout the
transition region also known as free turbulence.
Large number of fluctuating components that are called eddies coexist in a turbulent
flow. Hence, turbulence is regarded as a random motion of eddies in which the energy
of the mean flow is first transferred to the large eddies which in turn feed the smaller
ones, in a sort of cascade process, down to the smallest one at which level the viscous
dissipation occurs. Eddies are components that have a lifetime in the flow: they appear
in the flow, become smaller and after a time they disappear due to the viscosity.
Since it is impossible to describe all the details of motion as functions of space and
time, the irregularity of the turbulent flow is considered as random variation, and
the laws of probability could be used to describe this motion. Therefore Reynolds
decomposition is usually applied to velocity in problems regarding turbulence.
Reynolds decomposition method basically separates a variable into its mean and
fluctuating components,
u = u+u′ (3.1)
Here, u represents mean velocity whereas u′ represents the fluctuating component.
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Intensity of turbulence can be defined as the violence in turbulent flow and is measured
as standard deviation of the velocity from the average. The mathematical description
of turbulence intensity is shown as,
I =
√
u′2
u
(3.2)
where
√
u′2 is the root mean square of the fluctuating component.
The most important parameters of turbulent flows can be specified as intensity, length
and time scales. Turbulent motion can be associated with a time scale and a space
scale each of which have macro and micro values. The large scale or macro scale of
turbulence is normally a function of the size of the turbulence generator and of the
mean velocity in the turbulent region. The small scale or the micro scale of turbulence
is the minimum eddy dimension and their frequencies. To determine turbulence scales,
Reynolds numbers of mean flow and macro scale flow are important parameters.
Reynolds number of the mean flow can be defined as,
Rem =
LmVm
ν
(3.3)
where Lm is the mean flow characteristic length, Vm is mean flow velocity and ν is
kinematic viscosity. Macro scale Reynolds number is defined as,
ReL =
LLVL
ν
(3.4)
where LL is the macro scale length, VL is macro scale velocity. The macro scale length
and velocity is unknown at the beginning, however generally, macro scale Reynolds
number is assumed one order of magnitude lower than the mean flow Reynolds number.
Also, mean and macro scale flow velocity gradients are nearly equal (Pope, 2000).
To determine the relationship of turbulence parameters with each other, dimensional
analysis is used. The ratio of the characteristic length to velocity is defined as the time
macro scale.
T =
LL
VL
=
Lm
Vm
(3.5)
As for time micro scale, a Reynolds number dependent formula is given as,
T =
T
(ReL)1/2
(3.6)
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Length macro scale could be calculated from Reynolds numbers and length velocity
ratios. Length micro scale, in other words Kolmogorov scale of turbulence is defined
as,
η =
LL
(ReL)3/4
(3.7)
Time scales are vital for unsteady flow calculations, time micro scale of the flow
is usually a determining parameter for time step size. Length scales, on the other
hand, are important for determining the required mesh size according to the turbulence
method used for simulating the flow field.
3.2 Turbulence Models
As it is a physically unsolved phenomenon, there is no single model globally accepted
to solve turbulence. The model to be used is chosen in accordance with the
characteristics of the problem, required accuracy, time-dependency etc. In this study,
k− ε and LES turbulence models are used, which will be explained in detail next.
3.2.1 k− ε turbulence model
The k−ε turbulence model is one of the models which uses Reynolds averaged Navier
Stokes (RANS) equations to model the turbulence. Specifically, k−ε turbulence model
belongs to a class that is called two-equation models which consists of solving two
more transport equations in addition to the conservation equations. In k− ε model,
these equations are for the turbulence kinetic energy (k) and the turbulence energy
dissipation (ε ).
k =
1
2
(u′2) (3.8)
ε = νt(
∂u′i
∂x j
)(
∂u′i
∂x j
) (3.9)
In the above equation, νt is the turbulent kinematic viscosity which is defined as νt =
µt
ρ .
The k−ε turbulence model consists of the model transport equation for kinetic energy,
k , as
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∂ (ρk)
∂ t
+
∂ (ρku j)
∂x j
=
∂
∂x j
[
(µ+
µt
σk
)
∂ (k)
∂x j
]
+P−ρε (3.10)
whereP = τi j( ∂ui∂x j ) is the production of turbulence and σk is the Prandtl number for k
, typically taken as 1.0. The model transport equation for dissipation rate, ε , is given
as
∂ (ρε)
∂ t
+
∂ (ρεu j)
∂x j
=
∂
∂x j
[
(µ+
µt
σε
)
∂ (ε)
∂x j
]
+PCε1
ε
k
−ρCε2 ε
2
k
(3.11)
where Cε1 and Cε2 are model constants, typically taken as 1.44 and 1.92 respectively,
and σε is the Prandtl number for ε , typically taken as 1.3 (Pope, 2000). The
specification of turbulence viscosity is defined as
µt = ρCµ
k2
ε
(3.12)
where Cµ is constant for standard k− ε model and inertial sublayer of an equilibrium
boundary layer, defined to be 0.09 .
3.2.2 Large eddy simulation (LES) turbulence model
Direct numerical simulation (DNS) model, consists of solving all scales of turbulence
using Navier Stokes equations directly without any specific turbulence model.
However, this requires large CPU times and technical means of computation.
Therefore, it is practically impossible to apply in high Re number flows. In large
eddy simulation model, the large scale three-dimensional unsteady turbulence motions
are directly represented, whereas the smaller scale motions are modelled (Pope, 2000).
The large-eddy simulation (LES) method is a widely used turbulence method because
of its reduced computational cost in comparison to direct numerical simulation method.
The logic behind LES could be summarized as following: Momentum, mass, energy,
and other passive scalars are transported mostly by large eddies. Large eddies are more
problem-dependent. They are dictated by the geometries and boundary conditions of
the flow involved. Small eddies are less dependent on the geometry, tend to be more
isotropic, and are consequently more universal. The chance of finding a universal
turbulence model is much higher for small eddies.
Therefore, LES method computes the larger scale motions that dynamically affects
the overall flow behaviour considerably and models the smaller and to some extend
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universal motions more simply. It should be noted that, LES method is by definition
an unsteady solution method. There are basically four computational steps in LES,
which will be explained below.
3.2.2.1 Filtering
In order to determine the border of small and large scales that will be computed
differently, a filtering process is applied in LES method. The filtering process is
low-pass filtering which effectively filters out the eddies whose scales are smaller than
the filter width or grid spacing used in the computations. The resulting equations thus
govern the dynamics of large eddies. The general filtering operation is defined as,
u˜(x, t) =
∫
G(x′,x)u(x−x′, t)dx′ (3.13)
In equation 3.13, the integration is over the entire fluid domain, x′ is the integration
variable and the filter function, G (Kernel) determines the scale of resolved eddies and
satisfies the normalization condition as,∫
G(x′,x)dx′ = 1 (3.14)
In the simplest case, the normalization function is homogeneous and independent of
x. After applying the filtering operation on the velocity, the decomposition of velocity
becomes different from the Reynolds decomposition. The residual field is defined by:
u′(x, t) = u(x, t)− u˜(x, t) (3.15)
so that,
u(x, t) = u˜(x, t)+u′(x, t) (3.16)
Although equation 3.16 resembles the Reynolds decomposed velocity presented in
equation 3.1, in equation 3.16, u˜ is a random field instead of mean velocity and the
filtered residual is not zero.
u˜′(x, t) 6= 0 (3.17)
because the LES filtered field is not idempotent.
˜˜u(x, t) 6= u˜(x, t) (3.18)
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The filtering function used in this computation is defined as,
G(x′,x) =
{
1
∀ , x
′ ∈ vd
0, x′ /∈ vd
(3.19)
where ∀ is the volume of the computational cell and vd is the flow domain that the cell
occupies.
The resulting velocity function after filtering operation can be presented as,
u˜(x, t) =
1
∀
∫∫∫
vd
u(x−x′, t)dx′ (3.20)
3.2.2.2 Filtered flow equations
After filtering operation, the equations for the evolution of the filtered velocity field
are derived from standard Navier Stokes equations. These new equations contain new
terms that resulted from the filtered residual which forms the most important challenge
in LES method and are also called the sub-grid stresses. The LES forms of the mass
and momentum equations are,
∂ ρ˜
∂ t
+
∂ (ρ˜ u˜i)
∂xi
=− ∂
∂xi
(ρ˜ui− ρ˜ u˜i) (3.21)
∂ (ρ˜ u˜i)
∂ t
+
∂ (ρ˜ u˜iu˜ j)
∂x j
+
∂ (p˜δi j)
∂xi
=
∂ σ˜i j
∂x j
− ∂τi j
∂x j
(3.22)
where δi j is the Kronecker’s delta and σ i j is the viscous stress tensor
σ˜i j = µ˜(
∂ u˜i
∂x j
+
∂ u˜ j
∂xi
− 2
3
δi j
∂ u˜k
∂xk
) (3.23)
In equation 3.22, τi j is called sub-grid scale (SGS) stress tensor and will be explained
next.
3.2.2.3 The sub-grid scale model
For the unknown stress tensors that arose from filtering, a simple sub-grid model can
be written with the help of Boussinesq hypothesis (Boersma and Lele, 1999). The new
term τi j is defined as:
τi j = ρ˜uiu j− (ρ˜uiρ˜u j/ρ˜) (3.24)
τi j− 13q
2δi j =−2Cρ˜42 | S˜ | (S˜i j− 13 S˜kkδi j) (3.25)
where | S˜ | is the magnitude of the strain-rate tensor.
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| S˜ |=√2Si jSi j (3.26)
where
Si j =
1
2
(
∂ui
∂x j
+
∂u j
∂xi
) (3.27)
In equation 3.25,4 is the filter width of the LES filter and q2 = τii is the isotropic part
of the SGS stress tensor and defined as:
q2 = 2CIρ˜42 | S˜ |2 (3.28)
The coefficients C and CI are derived from dynamic model that will be mentioned next.
3.2.2.4 Dynamic procedure
The dynamic procedure will be explained for momentum equation only, since energy
equation has a similar approach. The original sub-grid scale model which is called
Smagorinsky model for incompressible flow, has several potential problems such as
backscatter that arise near wall, shear flows or transient regions. Backscatter forms
when there is energy transfer from small scales to larger ones, in other words when
there is a reverse cascade. This could be a problem when there is appreciable turbulent
kinetic energy in the unresolved scales. These problems could be overcome by
selecting coefficients C and CI to be adjustable instead of constant. To propose the
dynamic model for these coefficients, a second filtering operation is performed over
the first filtering which was denoted by tildes. The second filtering operation is called
the test filter and denoted by a caret. The test filtered stress Tij is given by Boersma
and Lele (1999),
Tij =
̂˜ρuiuj− ( ̂˜ρui ̂˜ρuj/̂˜ρ) (3.29)
It should be noted that the test filter is always applied to the resolved field in other
words filtered quantities. Thus, quantities with caret are flow variables obtained from
the computed field.
The Leonard stress that models the energy transfer between large scales is defined as:
Li j =Ti j− τ̂i j = (
̂˜ρuiρ˜u j
ρ˜
)−
̂˜ρuî˜ρu ĵ˜ρ (3.30)
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The right-hand side of the above equation is completely computable from the flow
field. Using equations 3.25 and 3.28, the coefficients C and CI can be obtained.
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4. THE NUMERICAL METHOD and BOUNDARY CONDITIONS
4.1 The Solver
In this study, the pressure based segregated algorithm which is based on solving
momentum equations first and then correcting it to satisfy the continuity equation,
is used. This is an iterative algorithm where solved velocity field is updated by the
conservation of mass constantly. When the segregated method is used, it means that
the velocity equations are solved separately as well as the other equations.
The course that the pressure based algorithm follows can be listed as follows:
1. Update fluid properties (e.g. density, viscosity, specific heat) including turbulent
viscosity (diffusivity) based on the current solution.
2. Solve the momentum equations, one after another, using the recently updated values
of pressure and face mass fluxes.
3. Solve the pressure correction equation using the recently obtained velocity field and
the mass flux.
4. Correct face mass fluxes, pressure, and the velocity field using the pressure
correction obtained from Step 3.
5. Solve the equations for additional scalars, if any, such as turbulent quantities, and
energy using the current values of the solution variables.
6. Check for the convergence of the equations.
In this study, the enthalpy and density was solved inside a UDF (User Defined
Function)separately which will be explained later on. Figure 4.1 shows the summary
of the segregated pressure based algorithm.
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Figure 4.1: Pressure based segregated algorithm summary.
4.2 Numerical Discretization
In this study, a finite-volume method is used, where the governing equations for
continuity, momentum, energy and other scalars are used in the integral form. The
computational grid provides the discrete control volumes where the integration of the
governing equations is performed to form the solution of the problem.
Due to the generally non-linear structure of partial differential equations, they have
very few analytical solutions. Therefore it is needed to transform the partial differential
equations in both space and time to obtain their algebraic counterparts. The procedure
of transforming a partial differential equation into its algebraic or numerical analogue
is called numerical discretization. The finite volume method is probably the most
popular and widespread approach for numerical discretization. Using the finite volume
method the computational space is first divided into a number of non-overlapping
control volumes. This is done such that every grid point is surrounded by one control
volume. The so-called grid points represent the locations where the flow variables are
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actually computed and stored. The conservation equations are then to be written in
integral form. The generalized conservation equation for an arbitrary scalar φ is:
∂
∂ t
∫∫∫
∀
ρφd∀+
∫∫∫
∀
∇(ρuφ)d∀=
∫∫∫
∀
∇(Γ∇φ)d∀+
∫∫∫
∀
Sφd∀ (4.1)
The above equation can be simplified using Gauss’ divergence theorem which converts
two of the volume integrals in the above equation to surface integrals. Gauss’
divergence theorem can be expressed for an arbitrary vector, f as:∫∫∫
∀
∇ f d∀=
∫∫
S
f .n dS (4.2)
where n is the unit vector.
Using Gauss’ divergence theorem, volume integrals in a partial differential equation
that contain a divergence term are converted to surface integrals, which is needed for
spatial discretization. Applying the divergence theorem, equation 4.1 transforms to:
∂
∂ t
∫∫∫
∀
(ρφ)d∀+
∫∫
S
n.(ρuφ)dS =
∫∫
S
n.(Γ∇φ)dS+
∫∫∫
∀
Sφd∀ (4.3)
In this study, a compressible, turbulent flow is analysed. The continuity equation used
in this thesis are expressed as,
∂
∂ t
∫∫∫
∀
ρd∀+
∫∫
S
ρu.n.dS = 0 (4.4)
where u = ui +uj +uk .
The momentum equation in integral form is defined as,
∂
∂ t
∫∫∫
∀
(ρd∀).u+
∫∫
S
(ρu.n.dS).u =−
∫∫
S
p.n.dS+Fvisc (4.5)
where body forces such as gravity, magnetic forces etc. are neglected.
The energy equation written in the enthalpy form is defined as,
∂
∂ t
∫∫∫
∀
ρhd∀+
∫∫
S
ρhudS =
∫∫
S
α∇hdS+
∫∫∫
∀
u.∇pd∀+
∫∫∫
∀
Shd∀ (4.6)
where
Sh = µ
(
∂ui
∂x j
+
∂u j
∂xi
)
∂ui
∂x j
− 2
3
µ (∇.u)2 (4.7)
The term Sh in equation 4.7 is viscous dissipation and α is thermal diffusivity term
which is defined as α = λρcp .
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In CFD simulations, a numerical discretization is needed in order to solve the
cell-based grid that is formed. Discretization enables solving the general transport
equation in an algebraic form that can be solved numerically as mentioned before. In
this thesis, both first and second order upwind schemes are used for discretization
which are the most suitable discretization schemes to solve the compressible flow
in the blower. The first order upwind scheme assumes a cell-average value and acts
accordingly which is used first in the calculations before switching to the 2nd order
after flow develops. In other words, the quantities at the cell center is thought to be
valid for entire cell and the quantities on the faces are also identical to the ones at the
center.
φ = φ f (4.8)
In equation 4.8, φ represents an arbitrary scalar quantity value at the cell center,
whereas φ f represents the value of that quantity on the face of the cell.
When second-order accuracy is needed, the second order upwind scheme was used
that is based on a Taylor series expansion to calculate the values on the faces. With the
second order upwind scheme, the face value φ f is calculated as,
φ f = φ +∇φ .r (4.9)
In equation 4.9, r represents the displacement vector from cell centroid to the face
centroid and ∇φ is expressed, using Green Gauss cell based evaluation,
∇φ =
1
∀
N f aces
∑
f
φ˜ f Af (4.10)
In equation 4.10, φ˜ f represents the average of the values at the cell centroids on the
two sides of the face and Af is the surface area vector.
For unsteady solutions, it is needed to apply temporal discretization as well as spatial
discretization presented above. The temporal gradient calculated for second order
upwind scheme is expressed as,
∂φ
∂ t
=
3φn+1−4φn +φn−1
24t (4.11)
where φn+1 represents the value in the next time step and further can be defined as,
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φn+1 = φn +4t ∂φ
n+1
∂ t
(4.12)
4.3 Boundary Conditions
The code used have three different options for moving mesh applications. Dynamic
mesh option is suitable when the geometry of the problem itself changes with time.
Another option which is called rotating reference frame is applicable to steady
solutions but insufficient for unsteady solutions. When a time-accurate rather than
a time-averaged solution is desired for rotor-stator interaction, the sliding mesh
technique is used to calculate the flow field by the rotating impeller. In the sliding mesh
technique, the domain is separated into moving cell zones and stationary cell zones.
Each cell zone should be bounded by at least one grid interface which associates the
adjacent cell zones. It is important that, the interface should have fluid cells on both
sides. The shape of the interface does not matter as long as it has exactly the same
geometry in both cell zones. The calculation proceeds while the zone of moving parts
is translated relative to the stationary zone.
Since the design parameters of the blower in question requires a pressure rise from
the inlet pressure, the outlet and inlet boundary conditions were chosen as pressure
inlet, pressure outlet. Pressure inlet boundary condition is used to define the fluid
pressure at flow inlet, along with all other scalar properties of the flow. Pressure
inlet boundary condition is particularly used when the inlet pressure is known but the
flow rate and/or velocity is not known. Pressure outlet boundary conditions require
the specification of a static (gauge) pressure at the outlet boundary. The value of the
specified static pressure is used only while the flow is subsonic. If the flow become
locally supersonic, the specified pressure will no longer be used; pressure will be
extrapolated from the flow in the interior. All other flow quantities are extrapolated
from the interior. A set of “backflow” conditions is also specified if the flow reversal
at the pressure outlet boundary occurs during the solution process. In order to avoid
convergence difficulties, realistic values were specified for the backflow quantities. In
this thesis, in the case of reverse flow, backflow condition is set in the user defined
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function. The backflow enthalpy values were calculated using an average temperature
value at exit. The boundary conditions were shown on the geometry in Figure 4.2.
Figure 4.2: Boundary conditions.
4.4 User Defined Function
A user-defined function or in short UDF is a C based program that is written separately
for the CFD code to specify special features to the standard program. For example,
UDFs can be written to define different boundary conditions, material properties,
source terms or model properties for the specific problem. This way, the code can be
customized according to the problem to be solved and an enhancement in the solution
quality overall can be achieved. In this thesis, the enthalpy equation was solved using
a UDF. In the UDF used, enthalpy was defined as a user-defined scalar (UDS) and
solved using transport equation. Also, the density was calculated inside UDF so the
compressibility effect of the simulation were included in the UDF process. Some of
the most important features and macros used by UDFs, that are also included in the
UDF written for the present simulation, will be explained below.
4.4.1 Define profile
Define profile macro in UDF defines a custom boundary profile function that is
dependent on space or time, in other words it can be used to define special boundary
conditions. Temperature, velocity, pressure, turbulence kinetic energy, turbulence
dissipation rate etc. are some examples of variables that could be specified at the
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boundaries by Define Profile. In the UDF used for the present simulations, profiles
were written to define inlet enthalpy and outlet back flow enthalpy.
4.4.2 Define adjust
Define adjust is a general purpose macro that can be used to modify flow variables like
pressure, velocity etc. or compute integrals of scalar quantities and adjust boundary
conditions accordingly. The most important feature of define adjust is that, it executes
at the beginning of every iteration regardless of the solution being time dependent or
independent. Define adjust macro is called before transport equations are solved. In
this thesis, define adjust macro was used for obtaining temperatures from enthalpy
values.
4.4.3 Define execute at end
Execute at end is another general purpose macro that differs from define adjust with
the way it is executed. Different from define adjust, it is executed at the end of every
iteration for a steady state calculation and executed at the end of every time step for an
unsteady calculation. The execution is done automatically when the solution method
is chosen. Define adjust and execute at end are especially important to build the
numerical algorithm of the calculation. In the UDF used for the present simulations,
boundary temperature calculations and temperature modifications were performed at
every time step using execute at end command.
4.4.4 Define execute on loading
“Execute on loading” is used when it is needed to initialize or set-up UDF models when
a UDF library is loaded. It is a general purpose macro with the characteristic to execute
right after the UDF library is loaded. Also it is useful to reserve user defined scalars
(UDS) or user defined memories (UDM) for a particular library. In this thesis, in
execute on loading macro, some global variables, model constants etc. were specified
as well as boundary ID assignments.
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4.4.5 Define property
Define property is used to specify a custom material property in the code. Using define
property macro, properties such as density, viscosity, thermal conductivity etc. can be
designated. In this study, define property macro was used to define mixture density of
air and also to calculate laminar viscosity.
4.4.6 Define init
Define init is used to specify initial values for the solution. This macro is executed once
for every initialization and is called after solver initialization. In this problem, inlet
density, inlet enthalpy and inlet temperature were assigned using define init macro.
4.4.7 Define diffusivity
Define diffusivity is used when it is needed to specify the turbulent diffusivity for
transport equations or UDS transport equations. In this study define diffusivity was
used to specify turbulent diffusivity of the enthalpy equation.
4.4.8 User defined scalars-UDSs
User defined scalars are used when it is needed to solve transport equations for
additional scalars. Defined UDSs are solved the same way the scalars are solved.
The general transport equation that is used for an arbitrary scalar φ is defined as:∫∫∫
∀
∂ρφ
∂ t
d∀+
∫∫
S
ρφudS =
∫∫
S
Γφ∇φdS+
∫∫∫
∀
Sφd∀ (4.13)
where Γφ is the diffusion coefficient for φ and Sφ is the source term for φ . The
enthalpy equation was solved for the present simulations using a user defined scalar.
4.4.9 User defined memory (UDM)
If it is required to store some variables and use them in the process or post process, user
defined memory (UDM) could be used. In this study, temperature values are needed
for post processing and also for backup reasons, pressure values were also stored,
therefore the number of UDMs used was two.
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4.4.10 UDF process for pressure based segregated solver
For the pressure based segregated algorithm, the solution procedure for UDFs start
with the general initialization. After that, initialization that is defined in the UDF is
called. This process overwrites the previous general initialization. After initialization,
the variables that are defined as profiles are called which describes boundary values
as mentioned before. The solution iterations begin with functions that are defined
in adjust macros. Following, momentum equation for velocity components are
solved. Sequentially continuity equation is solved and velocity is updated accordingly.
Consequently, the energy and species equations; and turbulence and other transport
equations are solved.
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5. RESULTS AND DISCUSSION
The simulations of compressible flow in the radial blower shown in this section are
performed using k− ε and LES turbulence models and the results are presented in
the following. Two different cross-sections are used to present the results, one in the
z-plane at z = 0.015 m and the other in the x-plane at x = 0.01 m. The cross-sections
are shown in Figure 5.1.
Figure 5.1: Cross-sections.
In order to simulate the turbulent flow field of the high speed blower accurately, time
step size of the unsteady solution was calculated in accordance to the turbulence
time micro scale that was mentioned in Chapter 2. Also, the required mesh size
was estimated according to the turbulence length micro scale. The grid sizing was
adjusted to be approximately one order of magnitude larger than the micro scale length.
Although a larger mesh was considered to be more advantageous for more accurate
results, the computational capacity and required time of calculation were limiting
measures.
Figure 5.2 and 5.3 shows y+ values on the walls for both k− ε and LES calculations.
As it was mentioned before, the y+ values should be between 30 and 300 to apply near
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wall solution correctly. The figures show y+ values to be between 30 and 300 which
indicates that the mesh complies with requirements for accurate solution.
Figure 5.2: y+ distribution of k− ε calculations.
Figure 5.3: y+ distribution of LES calculations.
Since the blower used in this thesis have a very high rotational speed and high pressure,
the simulation process progressed from slower to faster rpm until the design parameters
were met. The calculations started with steady solution, at a relatively slower rotational
speed until the flow field was established. After that, the turbulence model and
numerical discretization schemes were upgraded step by step.
5.1 k− ε Results
The flow field was first computed using k− ε turbulence model. As it was mentioned
before, k− ε turbulence method models every scale of turbulence in the flow field and
may not be suitable in highly turbulent flows. Therefore, although it was chosen as the
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initial solution method, the aim was to use the LES method eventually. The solution
was first started as steady state and then using these solutions, LES calculations were
performed. The results presented below are k− ε method results for steady state
calculation.
The flow field calculated using k − ε model is shown in Figure 5.4 where the
streamlines enter the blower smoothly, with no reverse flow at inlet. Large vortex
structures are observed only in the vertical plane which means the fluid particles move
in a swirling manner in the x-plane. The flow in the volute collects the streams joining
from each blade cascade from the narrowed section to the exit and seems disturbance
free. There is no reverse flow at outlet which means that the flow is well established.
(a) y-z plane
(b) x-y plane
Figure 5.4: Velocity streamlines of k− ε calculations.
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The velocity contour is shown in Figure 5.5. At the inlet and the center of the impeller,
the velocities are low. The highest velocities are observed between the impellers. It
is seen that the velocity increases at the lower surface of the blades. The reason for
this increase is the negative lift nature of the blade profiles. The part of the volute
that is nearest to the tongue is the narrowest cross-section and therefore increased
velocities are observed clearly. The swirl seen in the streamlines also affects the
velocity distribution and creates velocity gradient in the diffuser.
(a) y-z plane
(b) x-y plane
Figure 5.5: Velocity distribution of k− ε calculations.
The pressure distribution is shown in Figure 5.6. The displayed pressures are the gauge
pressure values which is defined as the difference from operating pressure. It is seen
that the pressure is low at inlet. There appears negative pressure regions near the
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leading edges of the blades. However, as pressure increases in the direction of rotation
these negative pressures also disappear. Then, pressure increases gradually until it
finally reaches maximum value at the outlet. For this blower design, a maximum
pressure rise of 75000 Pa is obtained from k−ε calculations. The low pressure regions
near the leading edges at the narrower side of the volute is related to the high velocities
in that regions.
(a) y-z plane
(b) x-y plane
Figure 5.6: Pressure distribution of k− ε calculations.
The density distribution is shown in Figure 5.7, and has similar contour as the pressure
distribution. Density seems to increase from lower values in the inlet gradually towards
the trailing edges of the blades, and then to volute until it reaches a maximum value
at the outlet. In this simulation, the compressibility of the flow originates only from
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the pressure rise and changes due to temperature is not very effective. Therefore, the
density distribution being similar to the pressure distribution is an expected result.
(a) y-z plane
(b) x-y plane
Figure 5.7: Density distribution of k− ε calculations.
Figure 5.8 shows turbulent kinetic energy distributions in the blower. Turbulent kinetic
energy is an important parameter to determine the turbulent characteristics of the flow
mainly because it is used in the estimation of disturbances in the flow. In the figure, it
is seen that turbulent kinetic energy is low in the inlet region however, it increases in
the inlet-impeller interaction region. The highest values are observed in the impeller
region. After that, turbulent kinetic energy slowly decreases throughout the volute but
increases again in the diffuser region. Turbulent kinetic energy increase in the impeller
is caused by the high velocities in this region. Also, inlet-impeller and impeller-volute
38
interaction causes the turbulent kinetic energy to increase at the part of inlet nearest to
impeller as well as at the parts near trailing edges of the blades. Especially the contour
in the diffuser shows the highly turbulent regions due to the flow vortex structures. The
turbulence intensity at outlet was calculated as approximately 0.19.
(a) y-z plane
(b) x-y plane
Figure 5.8: Turbulent kinetic energy distribution of k− ε calculations.
Figure 5.9 shows the turbulent dissipation rate values in the blower. Turbulent
dissipation occurs at the end of the energy cascade where the energy transferred
until the smallest scales finally becomes lost due to viscous stresses. Therefore, the
turbulent dissipation rate is expected to be high in the regions that are near walls and
high velocity gradients. In the figure, it is seen that the dissipation rates are low at
the inlet, then increases near the impeller, reaches the highest values near the trailing
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(a) y-z plane
(b) x-y plane
Figure 5.9: Turbulent dissipation rate distribution of k− ε calculations.
edges of the blades and decreases throughout the volute. This is because the impeller
region has the highest wall-fluid interaction and the turbulent kinetic energy and it
is expected that the dissipation is also higher than the other parts. At the leading
edges of the blades, there is higher dissipation rates arising from the boundary layer.
Also dissipation rates increase as the impeller blades gets closer to the volute in the
narrower part of the volute because impeller-volute interaction is most effective in this
part. The impeller- volute interaction is an interesting subject which was studied by
many scientists (Khelladi et al., 2005; Meakhail and Park, 2005, Gu et al.,2001). For
example, Khelladi et al.(2005) identified the regions with high gradient of pressure
located at the impeller–diffuser interface and Gu et al.(2001) studied the interaction at
design and off-design conditions.
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The temperature and enthalpy values in the blower appears not to change significantly.
This is a desired result since the blower is more effective when it increases pressure
only.
In summary, with the k−ε model steady calculation, a pressure rise of 75000 Pa which
is a little lower than the design pressure was obtained. However, the calculations have
shown that the k− ε model may not be the most suitable model for flows as fast and
turbulent as the present case.
5.2 LES Results
When LES turbulence model is used, the calculations are converged better and faster
and a pressure rise of 85000 Pa was obtained. The results of LES calculations
are qualitatively very similar to those of the k− ε which proves that the numerical
implementations are robust. The vortex structures as well as the pressure distribution
is coherent to the k− ε results.
The streamlines of the flow field for LES calculations are shown in Figure 5.10. It
is seen from the figure that air enters the blower smoothly, without any reverse flow
at inlet. The flow has similar large vortex structures in the vertical plane as the ones
in the k− ε results. As it was also described by Gu et al., volute flow consists of
vortex tubes of increasing radius which are wrapped around each other and remains at
constant radius (2001). Furthermore, the streamlines on the horizontal cross-section
shows that the fluid exits the blower without any reverse flow at outlet. This means
that air smoothly enters the blower, after passing through impeller passages, it travels
through volute in a swirling manner and exits the blower with no perturbation. The
streamlines also show that some of the air re-enters the blower at the tongue region.
The reason for this is the geometry of the tongue as well as the high speed of the
impeller.
The velocity distributions in both cross-sections are shown in Figure 5.11. It is seen
that the lowest velocities are observed in the inlet and the center of the impeller. It is
also seen that the highest velocities occur in the impeller region. Furthermore, very
high speed flow is present in the tongue region. The velocity values seem to be close
41
(a) y-z plane
(b) x-y plane
Figure 5.10: Velocity streamlines of LES calculations.
to speed of sound however, it does not exceed sonic speed (Mach=1.0) and there is
no shock wave as it will be seen in the pressure distribution next. The velocity values
seem to be higher on the lower surface of the blades which stems from the blades
having negative lift profiles. Also the velocity values increase from the leading to the
trailing edge of the blade as it is typical in radial impellers (Ingram, 2009). The region
that is next to tongue is the narrowest part of the whole blower. Therefore, flow in this
region speeds up noticeably.
The pressure distributions are shown in Figure 5.12. It is seen from figure that air
enters the blower with zero gauge pressure and pressure rises gradually through the
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(a) y-z plane
(b) x-y plane
Figure 5.11: Velocity distribution of LES calculations.
impeller and volute to maximum value at outlet. It is seen that there are low pressure
areas on the lower surfaces of the blades near the leading edge. This is caused by the
negative lift design of the blades as mentioned before. As the pressure increases in the
volute, the low pressure areas disappear. The gradually increasing distribution of the
pressure indicates that the blower is working as it should be. Since there is no sudden
pressure change in the contour, there is no shock wave formation.
The density contour is shown in Figure 5.13. The density contour shows almost the
same pattern as pressure contour. Density gradually increases and reaches maximum
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(a) y-z plane
(b) x-y plane
Figure 5.12: Pressure distribution of LES calculations.
at the outlet. The increase of density is is obtained only from the pressure rise, and no
temperature affect on the density.
Both temperature and enthalpy distributions show that overall values of these variables
nearly remain unchanged during solution. This result is interpreted reasonable because
in turbocharger compressors, a very little or no change in the temperature is expected.
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(a) y-z plane
(b) x-y plane
Figure 5.13: Density distribution of LES calculations.
5.3 Discussion
In this thesis, the flow simulation of a high speed high pressure radial blower was
performed. The flow was compressible and highly turbulent. The simulations were
performed using both k− ε and LES turbulence models. The density and enthalpy
equations were solved using a UDF, therefore the possible disadvantages of the
pressure based segregated algorithm, which was used for calculations, were avoided.
The volumetric flow rate was approximately 0.1 m3/s with a pressure rise of 85000
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Pa at a rotational speed of 110000 rpm. The calculations were assumed to converge
at 10−5 order of magnitude. The results were found to be satisfactory. The flow was
streamlined and no reverse flow was observed. The pressure and density distributions
are established. The compressibility effects are observed with the increase in the
density. There is no significant changes in the temperature or enthalpy values. Overall,
the analysis was successfully completed. However, improving the UDF formulations
could acquire faster results. Also, improving the mesh quality could increase accuracy
of the calculations. In the future work, the acoustics of such a blower could be
investigated. Also, various environmental effects to the operation of the turbocharger
could be investigated.
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